Enhanced dopamine (DA) neurotransmission from the ventral tegmental area (VTA) to the ventral striatum is thought to drive drug self-administration and mediate positive reinforcement. We examined neuronal firing rates in slices of mouse midbrain following adolescent binge-like alcohol drinking and find that prior alcohol experience greatly enhanced the sensitivity to excitation by ethanol itself (10 e50 mM) in a subset of ventral midbrain DA neurons located in the medial VTA. This enhanced response after drinking was not associated with alterations of firing rate or other measures of intrinsic excitability. In addition, the phenomenon appears to be specific to adolescent drinking, as mice that established a drinking preference only after the onset of adulthood showed no change in alcohol sensitivity. Here we demonstrate not only that drinking during adolescence induces enhanced alcohol sensitivity, but also that this DA neuronal response occurs over a range of alcohol concentrations associated with social drinking in humans.
Introduction
The consequences of alcohol (ethanol: EtOH) abuse on public health are profound in terms of both individual well-being and impact on family structure, as well as in economic productivity and associated health care expenses (Harwood, 2000; Rehm et al., 2009) . Epidemiological research points to adolescence as a critical period for the development of alcohol use disorders (AUDs; Schuckit, 1998; Grant et al., 2001) , and binge drinking and early initiation of alcohol use during adolescence have been identified as important high-risk indicators. Exposure of the nervous system of adolescents and young adults to alcohol is thought to initiate a process of neuroadaptation that can exacerbate heavy drinking even in the face of negative consequences, and increases the probability of AUDs in adulthood (Hingson et al., 2006; Dawson et al., 2008) .
The self-administration of EtOH, like other drugs of abuse, is associated with enhanced neurotransmission from dopamine (DA) neurons in the ventral tegmental area (VTA; Sulzer, 2011) . Microdialysis studies have shown that EtOH increases DA release into the nucleus accumbens (NAc; Imperato and DiChiara, 1986) , an area that is strongly implicated in reward and reinforcement (DiChiara et al., 2004) . More broadly, reinforcement-based learning is thought to be driven by VTA DA neurons, and cues that successfully predict reinforcement can initiate a form of synaptic plasticity that subsequently enhances VTA neuron activity (Schultz, 2015) . VTA DA neurons are clearly involved in mediating the rewarding properties of EtOH in rodents, including self-administration (Rodd et al., 2004) and EtOH-seeking behaviors (Hauser et al., 2011) . EtOH has been shown to increase the firing rate of these neurons in vivo (Gessa et al., 1985; Burkhardt and Adermark, 2014) and in vitro (Brodie et al., 1990; Didone et al., 2016) .
There is a consensus that drug self-administration is primarily driven by drug-induced synaptic plasticity in excitatory pathways that impinge on the reward circuitry of the mesolimbic system (Lüscher and Malenka, 2011; Gipson et al., 2014) . For EtOH, this has been suggested to occur via enhanced excitatory drive to VTA DA neurons and subsequent expression of long-term potentiation (Stuber et al., 2008a; Wanat et al., 2009 ). Many studies in this field, however, have used passive-rather than self-administration of EtOH to examine synaptic plasticity. Few studies have examined the relationship between drinking history or chronic alcohol exposure and DA neuron sensitivity. Studies on the effects of passive administration of EtOH (e.g., intraperitoneal administration) have generated conflicting results, with evidence for desensitization reported in some studies (Okamoto et al., 2006) , but not others (Didone et al., 2016; Brodie, 2002) . To date, no studies have examined the effects of voluntary drinking on the sensitivity of VTA DA neurons to EtOH.
A major obstacle to interpreting the in vitro reports of VTA neural responses to EtOH has been that the concentration required to elicit a significant increase in firing rate in almost all of the published in vitro work is several times higher than that achieved through voluntary alcohol consumption (Schier et al., 2012) , often corresponding to highly sedating (50 mM) or lethal (100e200 mM) concentrations in humans (Didone et al., 2016; Okamoto et al., 2006; NIAAA, 2015) . We recently identified a population of DA neurons in the medial VTA that exhibit increased sensitivity to acute EtOH at pharmacologically relevant levels (20 mM) relative to DA neurons in lateral VTA or substantia nigra (Mrejeru et al., 2015) . Here, we report that voluntary binge-like EtOH consumption during adolescence, using an intermittent access model in which mice learn to acquire a high preference for EtOH, enhances the physiological response of these medial VTA DA neurons to levels of alcohol as low as 10e20 mM. This phenomenon appears to be a specific consequence of adolescent binge drinking, as voluntary intake that begins at the onset of adulthood does not elicit the enhanced excitatory response of VTA DA neurons to EtOH. These results represent an important advance in the understanding of EtOH action at low concentrations relevant to social intoxication in humans.
Materials and methods
All animal procedures were performed following NIH guidelines, and were approved by the Institutional Animal Care and Use Committee at Columbia University Medical Center. Wild-type C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Food and water were available in the home cage ad libitum throughout the experiment. Mice were housed in cages with mild enrichment (e.g., cotton nestlets). Wild-type mice were housed on a 12-h light-dark cycle (lights off at 7pm). TH-GFP mice, in which neuronal GFP expression showed >87% co-localization with TH immunoreactivity (Sawamoto et al., 2001) , were housed on a reverse light-dark cycle (lights off at 10 a.m.). Results did not differ significantly between these two groups of mice ( Supplementary Fig. 1 ).
Intermittent access protocol in adolescent and adult male mice
Male wild-type mice were singly housed beginning at age postnatal day 27 (p27; ±2 days) and given 3 days to acclimate to isolation before beginning the intermittent access (IA) procedure (Melendez, 2011) . Mice were given a two-bottle choice between water and 15% (vol/vol) EtOH. EtOH was substituted for water on alternate days. Each bottle and mouse was weighed daily to assess EtOH intake (as g EtOH/kg mouse/day) and percent preference for EtOH over water. EtOH presentation occurred prior to the beginning of the dark cycle (approximately 5pm). Placement of the EtOH bottle was alternated each session to control for side preference. Control "drip" cages e in which bottles were placed and weighed daily, but no mouse was housed e were run in parallel. The average drip value of water and EtOH were subtracted from data collected from each mouse, in order to better determine real fluid intake levels. The IA procedure was run for 15 drinking sessions (30 days), from p30ep60. Between one and 2 h after EtOH removal at the end of the final drinking session, mice were sacrificed by cervical dislocation, and electrophysiological experiments performed.
A similar series of experiments were performed in male TH-GFP mice. Mice were placed in isolation at p27, and the IA procedure was initiated at p30. EtOH bottles were presented prior to the dark cycle (approximately 9:30am) on Monday, Wednesday, and Friday; mice were offered two water bottles on Tuesday, Thursday, Saturday, and Sunday. To estimate peak blood alcohol concentrations (BACs), tail blood samples were collected at 6 h after alcohol presentation during the eleventh drinking session, a time point at which EtOH intake was stable across sessions. The BAC of each sample was determined using an amperometric oxygen electrode and kit (Analox Instruments Limited, London, England). Between one and 2 h after EtOH removal at the end of the final drinking session, mice were sacrificed by cervical dislocation, and electrophysiological experiments performed.
Parallel experiments were also performed in male TH-GFP mice exposed to alcohol only during adulthood. Mice were placed in isolation at p87, then given intermittent access to 15% EtOH from p90ep120. After removal of the EtOH bottle at the end of the 15th drinking session, mice were sacrificed, and electrophysiological experiments performed as described below.
Behavioral assessment of withdrawal symptoms
Handling-induced convulsion (HIC) tests were performed in a subset of adolescent mice two or 6 h after EtOH removal, corresponding to approximately 8 or 12 h after peak BACs, at the end of the final session to assess symptoms of withdrawal. Mice were briefly lifted by the tail and lowered; if no signs of seizures were observed, mice were lifted again and gently twirled 360 , then lowered. Each mouse was then given a HIC score based on evidence of seizures and facial grimace, as reported by two independent blinded observers. A group of control age-matched water-drinking mice was run in parallel.
Elevated plus maze (EPM) tests were performed in a subset of adolescent mice at the end of the final session to assess whether mice exhibited an increased anxiety phenotype. An EPM was constructed from white Plexiglas, which sat on a wooden platform raised 50 cm from the floor. Each arm was 10 Â 25 cm, and two of the arms were enclosed by walls 20 cm high. The lighting was adjusted to~100 lux, measured at the center of the maze in a novel room with minimal cues near the maze. On testing day, EtOH bottles were removed 2 h prior to testing. The mice were then transported to just outside the testing room and allowed 15 min to adjust to the surroundings before testing began. Mice were then brought into the testing room and placed in the center of the maze facing an open arm opposite the experimenter. A camera above the maze was used to record locomotor activity (velocity, distance traveled, entries, and time spent in each arm) for 5 min using ANYmaze software (Stoelting, Wood Dale, IL, USA) by tracking the center of the animal. Before each trial, the maze was cleaned with quatricide and dried. Time spent in open arms was expressed as percentage of total time on the maze.
Electrophysiological recordings
Between one and 2 h after EtOH removal at the end of the final drinking session, mice were sacrificed by cervical dislocation, and 250 mm-thick coronal sections containing the VTA were collected using a vibratome (Leica VT1200, Nussloch, Germany). Sections were placed into an ice-cold high glucose artificial cerebrospinal fluid (aCSF) containing the following (in mM): 100 glucose, 75 NaCl, 26 NaHCO 3 , 2.5 KCl, 2 MgCl 2 , 1.25 NaH 2 PO 4 , and 0.7 CaCl 2 . Slices were allowed to recover in this solution for 30 min at 32 C, then transferred to a room-temperature (~25 C) recording aCSF solution containing (in mM): 10 glucose, 119 NaCl, 26.2 NaHCO 3 , 1.8 KCl, 1.2 MgCl 2 , 1.0 NaH 2 PO 4 , and 2.4 CaCl 2 . The recording chamber temperature was maintained at 32 C (±2 C) with an in-line heater and temperature controller (Warner Instruments, Hamden, CT, USA). In a subset of mice, trunk blood was collected after cervical dislocation to ensure that mice had no detectable BACs at the time of dissection (data not shown).
Neurons were visualized under a 40Â water immersion objective by fluorescence and DIC optics (Olympus, Bridgeport, CT, USA). Voltage-clamp and whole cell current-clamp recordings were performed with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA) and digitized at 10 kHz with a Digidata 1332 (Molecular Devices). Data were acquired using Clampex 8 software (Molecular Devices). All drugs were purchased from Sigma Aldrich (St. Louis, MO, USA) and Tocris Bioscience (Minneapolis, MN, USA), unless otherwise specified.
Cell-attached recordings were performed as previously described (e.g. Carta et al., 2004; Mrejeru et al., 2015) , using aCSF as the internal pipette solution. Briefly, "loose-patch" recordings were performed under voltage clamp conditions at a command potential of 0 mV. The baseline firing rate was compared to the firing rate after application of EtOH at several concentrations. The percentage change in firing rate at each concentration of alcohol was calculated. After performing a washout of EtOH, 1 mM quinpirole was added to the slice in some experiments, allowing D2R-containing neurons to be hyperpolarized and tonic firing to be completely silenced.
In a separate series of experiments, whole cell recordings were performed under current clamp conditions. A glass pipette (resistance of 4e6 MU) with an internal solution containing (in mM): 115 K-gluconate, 20 NaCl, 10 HEPES, 1.5 MgCl 2 , 2 Mg-ATP, 0.2 Na-GTP, 0.1 EGTA, and 10 Na-phosphocreatine, (pH ¼ 7.3, 290 mOsm) was used. Liquid junction potentials were not corrected during recordings. Resting membrane potential (RMP) was measured by generating an I-V curve after applying a series of current steps from À20 pA to þ20 pA (5 pA increments, 500 msec duration; 8 cells from drinking mice, 16 cells from controls); for spontaneously active cells, in which generation of an I-V curve was not feasible, RMP was taken as membrane potential at the trough of the action potential (8 cells from drinking mice, 9 cells from controls). Rheobase, defined as the minimum amount of current needed to elicit an action potential, was determined using a ramp protocol in current clamp.
Retrograde labeling of VTA neurons
Under isoflurane anesthesia and stereotactic control, a group of male TH-GFP mice (p25) were given bilateral injections of red retrobeads (Lumafluor, Naples, FL, USA), diluted 1:4 in saline, into the NAc medial shell. Coordinates were empirically determined as bregma: þ1.55 mm, lateral 0.39 mm; ventral À3.75 mm. A finetipped glass pipette connected to a Nanoject II (Drummond Scientific Company, Broomall, PA, USA) was used to deliver 92 nL beads per injection. Mice were allowed to recover alongside their littermates for two days before being singly housed at age p27. At age p30, mice began the chronic intermittent access protocol, after which cell-attached recordings were performed as described above. After collecting VTA-containing sections for recording, the remainder of the brain was fixed in PFA and sectioned to verify the proper injection site for each mouse.
Confocal imaging of TH-GFP sections
Images of VTA-containing sections (Fig. 2b) were obtained from the brain of a TH-GFP female mouse. The brain was removed and fixed in 4% paraformaldehyde overnight. 50 mm-thick coronal midbrain sections were collected and directly mounted onto a glass coverslip. Imaging was performed under confocal microscopy (Nikon Instruments, Tokyo, Japan) under a 10Â objective. Images were acquired with NIS Elements software (Nikon Instruments).
Statistical analysis
Statistical analysis was performed in Prism 6 (GraphPad Software, La Jolla, CA, USA). Unless otherwise specified, unpaired, twotailed t-tests were used to compare the data collected from alcoholdrinking and naïve mice. Two-way ANOVA was used to compare neurons which were tested with each concentration of EtOH (10, 20, and 50 mM) in Figs. 2e4. A p value of <0.05 was considered significant.
Results

Intermittent access protocol in adolescent male mice
Data were collected from C57BL/6J mice (n ¼ 26) and congenic TH-GFP mice (Sawamoto et al., 2001 ) on C57BL/6J background (n ¼ 59). We observed no significant differences in the results between these groups of mice, so the data were combined ( Supplementary Fig. 1 ). After beginning an intermittent access (IA) two-bottle choice drinking paradigm (Fig. 1a) , within 3e5 drinking sessions, the mice achieved a stable EtOH intake of 15e20 g EtOH/ kg mouse/day (Fig. 1b) , with approximately 80% preference for EtOH over water (Fig. 1c) .
Tail blood samples were taken from a subset of TH-GFP mice at 6 h after EtOH presentation during the 11th drinking session (Fig. 1d) . The drinking behavior within each session is variable among mice, and therefore peak blood alcohol concentrations (BACs) cannot be determined unless multiple bleeds are performed that are stressful and disruptive to the mice. It is nevertheless clear from our data that these mice are capable of achieving BACs above 80 mg/dL, considered the threshold BAC for binge-like drinking behavior (NIAAA, 2015) . Of the 30 mice sampled, 9 (30%) exhibited BACs greater than 80 mg/dL at the time of blood collection.
Alcohol withdrawal symptoms were assessed in a subset of mice using handling-induced convulsion (HIC) tests at 8 and 12 h after peak EtOH consumption following the 15th drinking session. Blood samples were collected from subjects at this time point, indicating no detectable EtOH levels. No evidence of physical withdrawal symptoms or discomfort was observed in these mice (Fig. 1e) . Elevated plus maze experiments were performed to determine whether adolescent drinkers exhibit an increased anxiety phenotype during the acute withdrawal period (8 h after peak BAC). No difference in the total locomotor activity, number of open arm entries (Fig. 1f) , or total time spent in the open arm (Fig. 1g) was observed (p > 0.05). Our findings confirm previous reports, which show that the IA drinking paradigm used over a 30 day duration serves as a model of voluntary EtOH exposure, and does not model EtOH dependence (Carnicella et al., 2014) .
Electrophysiological recordings
Cell-attached loose-patch recordings (Carta et al., 2004; Mrejeru et al., 2015) were performed to measure the spontaneous firing rate of VTA neurons (Fig. 2a) . All neurons analyzed displayed spontaneous firing activity under cell-attached conditions. In wild-type mice, neurons were included for analysis if the following criteria were met: spontaneous baseline firing rate between 1 and 12 Hz and, once a stable seal was achieved, < 40% change in seal throughout the duration of the recording (typically up to 1 h).
It has become clear that the physiological criteria that were formerly used to identify dopaminergic neurons within the VTA are in fact somewhat misleading, as these "classical" criteria have been shown to not only exclude some DAergic neurons but also to include non-DA neurons (Margolis et al., 2006 (Margolis et al., , 2008b Lammel et al., 2008; Merrill et al., 2015 ; but see Chieng et al., 2011) . To aid in the identification of DA neurons, most of our experiments were performed in TH-GFP mice (Sawamoto et al., 2001) , providing us with an alternate means to identify a population of medial VTA DA neurons that have previously been under-studied (Lammel et al., 2008) . Neurons were identified by their fluorescence (Fig. 2b) , and their location within the slice was noted for future analysis. The "medial VTA" was defined as regions within 250 mm of the midline, including the rostral linear nucleus (RLi) and interfascicular (IF) nucleus. The "lateral VTA" was considered to include the parabrachial pigmented (PBP) nucleus, paranigral nucleus (PN), and rostral part of VTA (VTAR).
We observed no significant difference in the baseline firing rate of VTA DA neurons in slices from alcohol-drinking adolescent mice (3.0 ± 0.2 Hz, n ¼ 42 cells from 27 mice), and age-matched, EtOHnaïve control mice (3.0 ± 0.4 Hz, n ¼ 41 cells from 20 mice; t(80) ¼ 0.05, p ¼ 0.96, two-tailed t-test; Fig. 2c ). The majority (62 of 83 neurons, 75%) of the neurons from which we recorded were inhibited by quinpirole, consistent with the expression of D2 dopamine receptors. Both quinpirole-responding and nonresponding neurons were included for analysis, as response to D2 agonists is not shared by all VTA DA neurons (Lammel et al., 2008; Morales and Root, 2014; Li et al., 2013) . In many of the cells recorded, we observed a concentration-dependent increase in firing rate in response to EtOH (10, 20, and 50 mM) that was partially or fully reversed upon washout. Reversal of EtOH effects on DA neurons occurred after 15 min in 60 out of 83 (72%) of our stable washout recordings, with the firing rate returning to within 30% of baseline. No difference was observed between the reversal of EtOH effects in neurons in slices prepared from drinking and naïve mice. A parallel set of experiments, in which no EtOH was applied but a similar time interval elapsed, provided a control for the stability of the recordings (Mrejeru et al., 2015) : no systematic timedependent change in firing rates was observed over the 1 h recording period in these control experiments.
We observed a significant difference in the response to EtOH by VTA DA neurons in slices from EtOH-drinking mice compared with neurons from age-matched EtOH-naïve controls (Fig. 2d) . Neurons from mice that had access to EtOH during adolescence displayed a greater increase in firing rate in response to EtOH than did control animals that had drunk only water. A significant difference in the response of the two populations was observed at each concentration of EtOH tested (Table 1) . We also ran a 2-way ANOVA on neurons which were tested with each concentration of EtOH (n ¼ 23 neurons from each group) and found a significant effect of alcohol concentration (F(2, 141) ¼ 4.77, p ¼ 0.0099) and drinking history (F(1, 141) ¼ 15.70, p ¼ 0.0001). No significant interaction was observed (F(2, 141) ¼ 0.41, p ¼ 0.66). These data provide evidence that the physiological response to EtOH in VTA DA neurons undergoes a form of sensitization in the mice that had access to alcohol during adolescence. No significant relationship was observed between measures of drinking behavior (such as total EtOH intake, average EtOH preference, or BAC measured) and cellular response (Supplementary Fig. 2 ). Drinking during adolescence therefore enhances VTA DA cellular response to EtOH in a preference-independent fashion; intake behavior or preference was not obviously correlated with cellular sensitivity to EtOH.
We recently described a form of functional heterogeneity in terms of the response of DA neurons to acutely applied EtOH, with medial VTA DA neurons showing a significantly higher response to EtOH than cells in the lateral VTA or substantia nigra (SN; Mrejeru et al., 2015) . In order to determine whether a similar pattern of EtOH response exists following the IA drinking behavior, we compared the response of DA neurons based on their location within the VTA (Fig. 3) . We observed a significant difference in the responses of medial VTA DA neurons to EtOH when comparing adolescent drinkers to naïve controls (Fig. 3a, Table 1) . A 2-way ANOVA on neurons which were tested with each concentration of EtOH (n ¼ 14 neurons from each group) revealed a significant effect of alcohol concentration (F(2, 78) ¼ 7.98, p ¼ 0.0007) and drinking Two-tailed t-tests reveal a significant difference in excitation induced by 10, 20, and 50 mM EtOH in DA neurons from drinking mice compared to naïve controls (see Table 1 ). Error bars show SEM. history (F(1, 78) ¼ 24.76, p < 0.0001). No significant interaction was observed (F(2, 78) ¼ 1.92, p ¼ 0.15). In the lateral VTA, we observed no significant difference between groups (Fig. 3b, Table 1) . A 2-way ANOVA on neurons which were tested with each concentration of EtOH (n ¼ 9 neurons from each group) revealed no significant effect of alcohol concentration (F(2, 48) ¼ 0.76, p ¼ 0.47) or drinking history (F(1, 48) ¼ 0.29, p ¼ 0.59). No significant interaction was observed (F(2, 48) ¼ 0.29, p ¼ 0.75). We also measured the response of SN DA neurons of TH-GFP mice, and found no significant difference between groups (Fig. 3c, Table 1) . A 2-way ANOVA on neurons which were tested with each concentration of EtOH (n ¼ 12 neurons from drinkers and 11 neurons from naïve controls) revealed no significant effect of alcohol concentration (F(2, 63) ¼ 0.25, p ¼ 0.78) or drinking history (F(1, 63) ¼ 1.92, p ¼ 0.17). No significant interaction was observed (F(2, 63) ¼ 0.62, p ¼ 0.54). Thus, this experience-related sensitization appears to be specific to DA neurons in the medial VTA.
It has been suggested that use of the TH-GFP mouse strain can falsely identify non-DAergic neurons (Lammel et al., 2015 ; but see Stuber et al., 2015) , particularly within the medial VTA. It is of course possible that a hypothetical small representation of non-DA neurons within our sample could contribute to the neurons that did not respond to EtOH (1 of 17 medial VTA neurons from wild type mice, and 6 of 28 medial VTA DA neurons from TH-GFP mice, showed no response or slight inhibition to all concentrations of EtOH tested), and this would imply that the true response to EtOH is somewhat underestimated. We found that this population of EtOH non-responders did not correlate with quinpirole response, indicating that a lack of D2 receptor expression does not explain a lack of EtOH sensitivity ( Supplementary Fig. 2d ).
We then examined whether the enhanced sensitivity of VTA DA neurons in drinking individuals was the result of a change in the intrinsic neuronal excitability. We observed no change in the baseline firing rate of these cells (Fig. 2c) , indicating that drinking experience does not alter the spontaneous activity of these neurons. We performed whole cell recordings in neurons from TH-GFP mice. There was no significant difference in resting membrane potential (RMP) or rheobase (minimum current required to elicit first action potential) between DA neurons in the medial VTA in slices taken from drinkers or from control mice ( Table 2 ). These data indicate that learning to drink during adolescence does not alter the intrinsic excitability of these neurons, but rather enhances their response to EtOH selectively.
We next investigated whether this enhanced neuronal response Table 1 ). (b) Data from lateral VTA DA neurons. No significant difference is observed in response to EtOH of lateral VTA DA neurons of drinking mice compared to controls (Table 1) . (c) Data from SN DA neurons indicates no significant difference in response to EtOH (Table 1) . Error bars show SEM.
was a general consequence of EtOH self-administration, or whether this results from adolescent drinking exposure specifically. We repeated our experiments in a limited number of adult male TH-GFP mice (n ¼ 4 drinkers and 4 controls), using the same IA (Table 3) . Right panel, data from adolescent mice (Fig. 2d) is shown for comparison. (d) Mean baseline firing rate of VTA DA neurons from drinkers (2.8 ± 0.4 Hz, n ¼ 11 cells from 4 mice) does not significantly differ from those of age-matched controls that drank only water (2.5 ± 0.3 Hz, n ¼ 7 cells from 4 mice; p ¼ 0.6, two-tailed t-test). Error bars show SEM. Table 1 Ethanol-induced excitation of midbrain DA neurons from adolescent drinkers. The values presented are the mean ± SEM of percentage change in firing rate in response to 10, 20, and 50 mM EtOH. The number of cells for each condition is displayed in parenthesis. Two tailed t-tests were used to compare the properties of VTA and SN DA neurons from naïve and experienced mice; p < 0.05 was considered significant (italicized values). 10 mM À0.4 ± 2.9 (23) 9.5 ± 4.0 (27) 0.017 À3.4 ± 2.9 (14) 7.7 ± 3.1 (16) 0.016 4.7 ± 5.2 (9) 10.2 ± 4.7 (9) 0.44 À2.2 ± 4.3 3.9 ± 1.2 0.17 20 mM 4.3 ± 2.6 (42) 18.9 ± 4.1 (41) 0.003 3.5 ± 2.9 (21) 19.1 ± 3.3 (24) 0.0012 2.0 ± 4.2 (18) 10.7 ± 4.9 (15) 0.19 4.6 ± 6.5 4.7 ± 2.4 0.98 50 mM 12.2 ± 3.5 (41) 26.5 ± 3.5 (41) 0.0049 10.1 ± 4.1 (21) 33.1 ± 4.3 (24) 0.0004 16.8 ± 6.4 (18) 16.6 ± 6.4 (15) 0.98 À4.3 ± 10.6 8.3 ± 4.3 0.27 Table 2 Resting membrane potential and rheobase values of medial VTA DA neurons. Values presented are average resting membrane potential and rheobase ±SEM. Data were compared using unpaired, two-tailed t-tests; p < 0.05 was considered significant.
Naïve EtOH p value
Resting membrane potential (mV)
59.2 ± 13.0 (n ¼ 16) 70.9 ± 18.2 (n ¼ 9) 0.6 procedure used in the adolescent animals, but now beginning at p90. These mice also demonstrated escalated EtOH intake ( Fig. 4a ) and preference for EtOH over water (Fig. 4b) , although these levels did not reach adolescent intake levels. In contrast to the results obtained in our adolescent studies, however, medial VTA DA neurons from mice which drank during adulthood did not show significantly enhanced sensitivity to EtOH compared to neurons from naïve controls (Fig. 4, Table 3) . A 2-way ANOVA on neurons which were tested with each concentration of EtOH (n ¼ 11 neurons from drinkers and 7 neurons from naïve controls) revealed no significant effect of alcohol concentration (F(2, 48) ¼ 0.72, p ¼ 0.49) or drinking history (F(1, 48) ¼ 3.2, p ¼ 0.08). No significant interaction was observed (F(2, 48) ¼ 0.14, p ¼ 0.87). These data suggest that the neural adaptations leading to the enhanced EtOH response of VTA DA neurons may not occur in adult drinking mice.
Retrograde labeling of VTA neurons
Because we observed an enhanced sensitivity in only medial VTA DA neurons, we next sought to determine whether these EtOH-responsive neurons could be classified based on a characteristic other than location within the VTA. Medial VTA DA neurons projecting to the NAc medial shell have been implicated in response to other rewarding stimuli, including cocaine (Lammel et al., 2011) ; we therefore investigated whether this population shares a similar response to EtOH. Bilateral injections of red retrobeads into the NAc medial shell of TH-GFP mice were performed at age p25 (Fig. 5b) . Following an intermittent access procedure, cell-attached loosepatch recordings were performed to measure the spontaneous firing rate of VTA neurons. Neurons were identified by their fluorescence (Fig. 5a) , and their location within the slice was noted for future analysis.
We observed no significant difference in the baseline firing rate of VTA DA neurons in slices from alcohol drinking mice (4.1 ± 1 Hz, n ¼ 8 cells from 5 mice), and age-matched, EtOH-naïve control mice Table 3 Ethanol-induced excitation of midbrain DA neurons from adult drinkers. Values presented are percent change in firing rate in response to 10, 20, and 50 mM EtOH ±SEM. Two tailed t-tests were used to compare the properties of VTA DA neurons from naïve and experienced mice; p < 0.05 was considered significant.
Baseline FR 2.5 ± 0. (3.1 ± 0.5 Hz, n ¼ 7 cells from 4 mice; t(13) ¼ 0.86, p ¼ 0.41, twotailed t-test; Fig. 5c ). The majority (14 of 15 neurons, 93%) of the neurons recorded were inhibited by quinpirole, indicating expression of D2 receptors. In the presence of 50 mM EtOH, the firing rate of medial shell-projecting VTA DA neurons of drinking mice increased by 31 ± 9%, compared to a 6 ± 4% increase of neurons from naïve controls (t(13) ¼ 2.5, p ¼ 0.026, two-tailed t-test; Fig. 5d ). This indicates that NAc medial shell-projecting neurons of the VTA have enhanced sensitivity to EtOH after adolescent drinking.
Discussion
An enhancement of DA neurotransmission at mesoaccumbens synapses is strongly implicated as a physiological mechanism that increases the rate of executing a variety of rewarding behaviors (Schultz, 2011; Olds, 1976) including drug self-administration (Sulzer, 2011) . Multiple studies indicate that experience with drugs, including alcohol (Stuber et al., 2008a) , induces a long-term potentiation of glutamatergic synaptic input to VTA DA neurons (Bonci and Borgland, 2009) . A similar mechanism is also observed in animals trained to respond to a reward-predictive cue (Stuber et al., 2008b) , suggesting how cue-induced sensory stimuli produce enhanced DA neurotransmission, and thereby learned drug self-administration.
We now report that in addition to an enhanced response to cueinduced stimuli, adolescent mice that have acquired a preference for EtOH may also develop a second form of neuronal plasticity, consisting of an increased sensitivity in the neural activity of a subset of VTA DA neurons to the primary reinforcer, EtOH, itself. This sensitized response is driven by alcohol self-administration during adolescence, the typical period during which alcoholdependent individuals initiate heavy alcohol use (Gladwin et al., 2011) , and is exhibited in the VTA even within an acutely prepared deafferented brain slice. The period during which this form of plasticity can develop may exclude adulthood, indicating that some forms of behavioral plasticity related to drug self-administration can occur during critical developmental periods. This sensitized response to EtOH self-administration we report has not been recognized previously, in part because the specific VTA dopamine neurons that respond to reinforcing levels of EtOH (10e20 mM) were only recently discovered and investigated (Mrejeru et al., 2015) . These medial VTA neurons, located in the rostral linear and interfascicular nuclei, are considered "atypical" of VTA DA neurons in that not all exhibit the traditional DAergic physiological criteria, which include expression of large I h, presence of dopamine uptake transporter, and low spontaneous firing frequency (Lammel et al., 2008; Neuhoff et al., 2002) . In contrast to our previous study (Mrejeru et al., 2015) , we found that medial VTA DA neurons of naïve mice showed low levels of excitation in response to low concentrations of EtOH. Certain key differences between the two studies, including age (whereas the age of mice in this study was~p60, our previous study used mice from 3 to 12 weeks of age) and social isolation (all mice in this study were singly housed, compared to group housed animals in our previous study), as well as heterogeneity within the medial VTA, could explain this discrepancy. We found that lateral VTA neurons and SN DA neurons, which show lower response to EtOH in naïve mice (Mrejeru et al., 2015) , do not exhibit the sensitized response.
We suggest that this sensitization is not related to increased intrinsic excitability, as the baseline spontaneous firing rate, rheobase values, and RMP were not different between neurons from drinking and naïve mice. Interestingly, similar results were not obtained when drinking began during adulthood. This suggests that adolescence may be a particularly vulnerable period, in which an individual may be susceptible to experience-related changes in DA neuronal responses. We note, however, that adult mice consumed slightly lower levels of ethanol than their adolescent counterparts, and that a smaller sample size of adult mice were used than in our adolescent studies.
Our findings contrast with previous reports on effects of systemic involuntary administration of EtOH on the firing of VTA DA neurons, with evidence for desensitization to effects of EtOH reported in one study (Okamoto et al., 2006) , but not others (Didone et al., 2016; Brodie, 2002) . The present results are relevant to two recent reports of a potentiation of DA release in the NAc in vivo in response to alcohol (Toalston et al., 2014) and other rewarding stimuli (Spoelder et al., 2015) after moderate EtOH consumption in adolescence, although those studies did not examine directly whether this was due to enhanced VTA neuronal activity. In light of our findings, these data support the conclusion that voluntary alcohol self-administration selectively alters the sensitivity of NAcprojecting VTA DA neurons in their response to EtOH, as the NAc is a projection target of medial VTA DA neurons (Lammel et al., 2008) implicated in reward (Lammel et al., 2011) . More detailed experiments are necessary to determine whether this NAc medial shellprojecting population demonstrates enhanced sensitivity to lower concentrations of EtOH, as well as whether this enhanced sensitivity is restricted to medial shell-projecting neurons or shared by medial VTA DA neurons with alternate projection targets. The persistence of this sensitization phenomenon following periods of abstinence during adulthood also remains to be determined.
One limitation of this study is the use of the TH-GFP mouse strain, which has recently been suggested to falsely identify nonDAergic neurons (see Results section for further discussion). Future experiments could be repeated in a DAT-Cre based mouse line, reported to identify DAergic neurons with higher fidelity (Lammel et al., 2015) . However, as populations of medial VTA DA neurons express low levels of DAT (Lammel et al., 2008) , experiments using this line would exclude a potentially important subset of VTA DA neurons.
It is well known that enhanced activity of mesoaccumbens DA neurons is associated with an increase in certain behaviors (Schultz, 2011; Olds, 1976) , and so this experience-induced sensitized response to EtOH provides an alternate pathway to reinforcement. A direct sensitization to the primary reinforcer, in this case EtOH itself, provides a means to "short circuit" normal learning that relies on environmental cues, including secondary reinforcement, negative reinforcement, or punishment. If increased DA neuronal activity indeed enhances the frequency of the execution of behavior, then the sensitized neural response to EtOH provides a mechanism that could explain why alcohol abuse, particularly if due to changes that occur during critical developmental periods, can be difficult to control, even in the face of severely aversive consequences.
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